The aim of this study was to estimate genetic parameters for pork intramuscular fatty acid (FA) composition and indices for desaturase and elongase activities involved in n-3 and n-6 PUFA metabolism. The LM of 437 slaughter pigs was analyzed for FA composition (expressed as g/100 g of FA). Indices for enzyme activities were calculated from product to precursor FA ratios. Genetic parameters were estimated with single-and multi-trait animal models. The total FA content, reflecting the intramuscular fat content, was either included or not in the model. Results from the models without total FA content showed relatively high heritability estimates, generally above 0.50, for the proportion of the most important MUFA and PUFA, compared with much smaller values for the SFA. When total FA content was included in the models, heritability values decreased (P < 0.001) for most individual FA and for all sums of FA groups, except for C18:0, C18:3n-6, and C18:3n-3. Heritability estimates for the ratios C20:4n-6/C18:2n-6 and C22:6n-3/C18:3n-3, reflecting the overall conversion in the n-6 and n-3 PUFA pathway, respectively, were 0.29 and 0.35, respectively, with total FA content in the model and increased to 0.38 and 0.49, respectively, if total FA content was not in the model. Heritabilities for other more specific indices were of the same order. Genetic correlations between PUFA proportions and indices for enzyme activities with ADG were mostly negative, whereas the correlations with carcass lean meat percentage were mostly positive. It was concluded that there is meaningful genetic variation for long-chain PUFA metabolism that is only partly dependent on the carcass and muscle fat content. This may allow selection for improved FA composition of pork.
INTRODUCTION
For decades there has been a large interest in the fatty acid (FA) composition of meats because of its implications for meat quality, contribution to total FA intake, and associated role in human health (Wood et al., 2003) . Many efforts have been made to improve the nutritional value and the sensory quality of meat by controlling intramuscular fat deposition and its FA composition. Particularly, long-chain (LC) PUFA are currently the focus of much research because they are of particular relevance to human health.
The FA composition of edible animal fats is determined by genetic factors (e.g., breed, sex, and genotype) and environmental factors of which diet is the most important one Raes et al., 2004) . Fewer studies have been performed on the genetic determinism of the LC PUFA metabolism and deposition. The synthesis of LC PUFA consists of a series of desaturation and elongation reactions starting on the essential precursors linoleic acid (C18:2n-6, LA) and α-linolenic acid (C18:3n-3, αLNA) for the n-6 and n-3 pathway, respectively. In several studies (Pan et al., 1995; Okada et al., 2005; Zhang et al., 2007) , ratios of FA have been calculated as indices for enzyme activities (desaturases and elongases) that are involved in n-3 and n-6 PUFA metabolism. Therefore, the aim of this study was to estimate genetic parameters for the intramuscular FA profile in slaughter pigs with emphasis on the LC PUFA and on the indices reflecting the LC PUFA metabolism.
MATERIALS AND METHODS
The experiment was carried out according to the guidelines of the Ethics Committee of Ghent University (Belgium) for the humane care and use of animals in research.
Animals and Sampling
Slaughtered pigs were progeny of a commercial 4-way cross of Rattlerow Seghers hybrid lines, designed for a QTL-search experiment described by Harmegnies et al. (2006) . Hybrid sows (n = 180) were obtained by mating 2 distinct Landrace × Large White composite lines. Hybrid boars (n = 5) were obtained by mating a Large White and a composite Large White × Piétrain line. Neither the RYR1 R615C mutation (stress gene), responsible for the stress sensitivity syndrome, nor the PRKAG3 R200Q mutation (RN − gene), resulting in reduced meat cooking yield, was present in these families. The pigs were all born on the same farm and were transferred at the age of 2 mo to the same finishing farm where they were kept until slaughter at the target slaughter weight of 110 kg.
At slaughter on 25 different days between November 2000 and November 2001, a subsample of 437 pigs (from a total of 1,671 pigs) was taken for FA analyses. Progeny size for each sire was n = 79, 100, 83, 78, and 97, with approximately equal numbers of barrows (n = 221) and gilts (n = 216). Samples were chosen so that as much litters as possible were sampled across all slaughter days and across the 5 sires. The average number of samples per litter was 1.89. Body and carcass weight (kg) and carcass lean meat proportion (CLM; %) were determined at slaughter. The ADG (g/d) corresponds to lifetime ADG. The CLM was estimated using a regression equation including loin thickness (mm) and backfat thickness (mm), which were measured using the CGM apparatus (Sydel, France) according to the approved procedure for pig carcass classification in Belgium (Commission Decision 97/107/EC, 1997). At 1 d postmortem, samples (±10 cm width) of the LM were taken at the height of the 3th/4th last rib, vacuum packed and stored at −20°C until analysis.
FA Analyses
After homogenization of the minced meat samples, the total lipids were extracted using chloroform/methanol (2/1, vol/vol), adapted from the method of Folch et al. (1957) , and FA were methylated as described by Raes et al. (2001) . The FA methyl esters (FAME) were analyzed on a HP6890 gas chromatograph (Agilent, Brussels, Belgium), with a CP-Sil88 column for FAME (100 m × 0.25 mm × 0.2 µm; Chrompack, Middelburg, the Netherlands) using the following temperature program: 150°C during 2 min and an increase of 1°C/ min to 200°C, followed by an increase of 5°C/min to 215°C (Raes et al., 2001) . Fatty acids were identified on the basis of their retention times, corresponding to their FAME standards (Sigma, Bornem, Belgium) . All data are expressed as g/100 g of FAME. The total FA content was also calculated, using nonadecanoic acid (C19:0) as internal standard, and was expressed as milligrams of FA/100 g of meat. The total FA content was considered a good approximate for the intramuscular fat content.
The indices for the activities of Δ 9 -, Δ 6 -, and Δ 5 -desaturase, as well as the elongase activity, were estimated by the ratios of product to precursor FA. The sums of the proportions of individual SFA (∑SFA), MUFA (∑MUFA), and n-6 and n-3 PUFA (∑n-6PU-FA and ∑n-3PUFA) were also calculated. These sums also include some minor FA that were present in proportions <0.1% but that were not listed as individual FA in the tables.
Estimation of Genetic Parameters
Genetic parameters were estimated with multipletrait animal models using the VCE-5 software (Kovac and Groeneveld, 2003) . The models used were
where Y ijkl , Y ijklm , or Y ijl = observation for trait i, µ i = common constant for trait i, S ij = fixed effect of sex j (j = 1, 2), for trait i, d ik = fixed effect of slaughter day k for trait i, a il = random additive genetic effect of animal l for trait i, F im = covariate effect of total FA content for trait i, and ε = random residual effect for trait i.
Animal models (1) and (2) with and without total FA content in the model, respectively, were used for the proportions of individual and sums of FA, as well as for FA ratios. Model (3) was used for the animal performance traits ADG and CLM. Heritabilities (h 2 ) for the proportions of individual and sums of FA, and for the FA ratios, and additive genetic correlations (r A ) between the FA proportions on the one hand and ADG and CLM on the other hand, were derived from 3-trait analyses. Two-trait analyses were performed to estimate r A values between sums of FA proportions, and between FA ratios.
Litter was not included in the model due to the small average number of samples per litter. If there would be common litter environmental variance, then a proportion of this variance might be included in the estimates of the additive genetic variance. However, we assume that with the small number of samples per litter, this contribution will be very small. Three generations of pedigree information were available on the paternal and grand-maternal side (n = 811 animals).
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RESULTS

Animal Performance Parameters
The average age at slaughter, HCW, lifetime ADG, CLM, and total FA content are shown in Table 1 . The average heritability estimates for ADG and CLM were 0.55 and 0.51, respectively, and their r A was −0.14. These values are the average of 22 estimates (data not shown) from the 3-trait analyses that were performed for estimating the genetic parameters for the FA proportions.
Genetic Variability in LM FA Composition
Average values and h 2 values for the individual FA proportions and for sums of FA are given in Table  2 . Without total FA content in the model, relatively large h 2 values, in most cases >0.50, were found for the quantitatively most important MUFA, palmitoleic acid (C16:1) and oleic acid (cis-9 C18:1), and for almost all PUFA, compared with much smaller values for the SFA. The same observation was made for ∑MUFA, ∑n-3PUFA, and ∑n-6PUFA (all h 2 ≥ 0.55), compared with the ∑SFA (h 2 = 0.15), with, however, a smaller value for the n-6/n-3 ratio (h 2 = 0.27). In the model (2) including total FA content, h 2 values decreased strongly for most individual FA and for all sums of FA groups. However, for several individual FA and for the n-6/n-3 ratio, h 2 values remained almost unchanged compared with the model (1) without total FA content.
The additive genetic relationships between FA proportions and ADG with and without total FA content in the model were small (Table 2), in most cases inferior to |0.3| and often close to zero. Some exceptionally high values were found from the VCE-5 output with status >1, which are not considered here. Taking into account the relatively large SE values for these estimates, these relationships have to be considered absent. On the other hand, CLM seemed to be strongly negatively related with the most important SFA and MUFA, palmitic, and oleic acid. Positive relationships in the range of 0.4 to 0.8 were observed between CLM and all individual PUFA, except for αLNA and γ-linolenic acid. Including total FA content in the models did not greatly affect the relationships between FA proportions and ADG, although there was a tendency for the absolute values to increase. On the other hand, the additive genetic relationship between FA proportions and CLM seemed to be more affected by total FA content. In general, the magnitude of the values decreased. Phenotypic correlations of FA proportions with ADG and CLM were mostly of the same sign but were, with some exceptions, less than r A .
Relationships between sums of FA were also estimated (Table 3 ). In the models with and without total FA content, the ∑SFA was strongly positively genetically correlated with ∑MUFA. Both ∑SFA and ∑MUFA were strongly negatively correlated with ∑n-3PUFA and ∑n-6PUFA, whereas the latter were strongly positively interrelated. Again, the phenotypic correlations pointed in the same direction but were less than r A .
Genetic Variability for Indices of Enzyme Activities Involved in MUFA and PUFA Metabolism
Heritability values for FA ratios that reflect enzyme activity indices, as well as their phenotypic and genetic correlations with ADG and CLM, are given in Table  4 . As observed for the FA proportions, h 2 values for enzyme activity indices decreased almost consistently when considering total FA content, yet with some exceptions for which there was no change or a slight increase. On average, values were moderately large, ranging between 0.18 and 0.55 with total FA content in the model (2) and between 0.10 and 0.43 without total FA content in the model (1).
Phenotypic correlations between enzyme activity indices and ADG and CLM were in most cases very small, not exceeding |0.2|. On the other hand, several medium to strong genetic correlations were found in addition to the small values (and some exceptionally large values when the outcome of VCE-5 revealed status >1). Regarding Δ 9 -desaturase activity indices, a medium positive relationship with ADG and negative with CLM was found for the ratio cis-9 C18:1/C18:0. Concerning elongase, Δ 6 -desaturase, and Δ 5 -desaturase activity indices, both medium positive and negative correlations with ADG were found, coinciding with comparable correlations of opposite sign with CLM. For the indices reflecting the combined effect of desaturase and elongase activity, all genetic correlations with ADG were negative except for 1 index, several values reaching >|0.5|. Genetic correlations between these indices and CLM were mostly smaller and positive. The genetic corre- lations for the indices in Table 4 with ADG or CLM mostly decreased when total FA content was included in the model (2), except for the indices of combined desaturase and elongase activity with ADG that all remained similar or increased. Relationships between various enzyme activity indices are given in Table 5 . Phenotypic correlations were mostly of the same sign and smaller than the r A , and with some exceptions correlations decreased when total FA content was included in the model (2). Two indices of Δ 9 -desaturase activity were moderately positively related. Three indices of Δ 9 -desaturase activity were positively related with the 1 index for Δ 6 -desaturase activity. Two of these 3 Δ 9 -desaturase activity indices were negatively related to the 1 index for Δ 5 -desaturase activity, whereas the third one was positively related. However, these negative values turned positive when total FA content was included in the model (2). The same was observed for the relationship between the Δ 6 -and Δ 5 -desaturase activity indices. The indi- Table 2 . Average values and heritabilities (h 2 ) for fatty acid (FA) proportions in pig LM, and phenotypic correlations (r P ) and additive genetic correlations (r A ) with lifetime ADG and carcass lean meat (CLM) Table 3 . Phenotypic correlations (above the diagonal) and additive genetic correlations (below the diagonal) for the sums of the proportions of individual SFA (∑SFA), MUFA (∑MUFA), and n-6 and n-3 PUFA (∑n-6PUFA and ∑n-3PUFA) in pig LM Ntawubizi et al.
ces reflecting the elongase activity in the n-3 and the n-6 PUFA pathway were only weakly positively correlated. The Δ 6 -desaturase activity index in the n-6 pathway appeared not to be related to the combined elongase+Δ 6 -desaturase activity index in the n-3 pathway, which was also the case for the index reflecting the last step in the synthesis of docosahexaenoic acid (C22:6n-3, DHA) and the overall synthesis of eicosapentaenoic acid (C20:5n-3, EPA). On the other hand, the indices reflecting the overall synthesis of the major LC n-6 and n-3 FA, arachidonic acid (C20:4n-6) and DHA, respectively, were positively related.
DISCUSSION
The h 2 for CLM found in the present study is in line with Sellier (1998) . A link between carcass and intramuscular fat content and intramuscular FA composition in pigs has been established before (Cameron and Enser, 1991; De Smet et al., 2004; Wood et al., 2008) and is also apparent in breed or genotype comparisons (Cameron et al., 2000; Wood et al., 2004; Zhang et al., 2007) . On a subset of the samples of the present study, the effect of sex on intramuscular FA composition was reported (Ntawubizi et al., 2009) . It was concluded that differences in FA composition between sexes were also partly the indirect result of differences in fat content. It is well known that a greater fat synthesis capacity and intramuscular fat content is associated with a greater ratio of triacylglycerols vs. phospholipids, which are, respectively, enriched in SFA and MUFA (resulting mainly from de novo synthesis) and PUFA (resulting mainly from the diet). Hence, a larger intramuscular or carcass fat content is accompanied by decreased proportions of PUFA and a reduced PUFA:SFA ratio. This was confirmed in the present study when considering the relationships among the proportions of sums of FA groups and between FA proportions and carcass lean meat content. Most of the earlier studies investigating the genetic variability in FA composition did not take into account this confounding effect. Therefore, in the current study, total FA content was included in the models or not included to correct for variation in intramuscular fat content. It has to be remembered that the total FA content of the LM was small in the present study, which is typical for many slaughter pig populations in Europe. This is accompanied by a relatively large proportion of phospholipids in the total fat fraction, and thus also a large PUFA:SFA ratio. One can assume that variation in the intramuscular fat content within this small range and including this variable or not including it in the models for estimating the genetic parameters will have a greater impact on the estimates compared with a similar analysis in a population with a much greater intramuscular fat content.
Genetic parameters for FA composition of subcutaneous fat and the associations with body composition and meat and fat quality traits have been reported in several studies and were reviewed by Sellier (1998) . Similar studies on intramuscular FA composition are scarcer. The h 2 estimate for the proportion of palmitic acid in LM was comparable with the value reported by Fer- Table 5 . Phenotypic correlations (r P ) and additive-genotypic correlations (r A ) between fatty acid (FA) ratios reflecting FA desaturase and elongase enzyme activity in pig LM (Elongase + Δ 6 -desaturase) 2 −0.05 0.40 ± 0.24 C22:6n-3/C22:5n-3 C20:5n-3/C18:3n-3 1 0.00 0.04 ± 0.17 (Overall C22:6n-3 synthesis) (Overall C20:5n-3 synthesis) 2 −0.07 −0.14 ± 0.18 C20:4n-6/C18:2n-6 C22:6n-3/C18:3n-3 1 0.54 0.71 ± 0.10 (Overall C20:4n-6 synthesis) (Overall C22:6n-3 synthesis) 2 0.39 0.34 ± 0.21 1 Model (1) is without and model (2) is with total FA content in the model for the FA variables.
2 SE for the genetic correlation not computed within the multivariate analysis (status >1 in VCE-5 output = convergence not reached).
Genetic parameters for fatty acid composition nandez et al. (2003) for Iberian pigs and Suzuki et al. (2006) for Duroc pigs, whereas our h 2 estimate for the proportion of stearic acid was less and our estimates for oleic acid and LA were substantially greater. The intramuscular fat content in these studies was much greater, 9.8 and 4.25% in Fernandez et al. (2003) and Suzuki et al. (2006) , respectively, compared with the small total FA content of our study (1.2%). Nevertheless, the large h 2 values (>0.5) found for oleic acid and LA in the present study correspond with large h 2 values reported for these FA in subcutaneous fat (Cameron, 1990; Sellier, 1998) . Interestingly, Suzuki et al. (2006) found comparable h 2 values across various fat tissues, albeit with some large differences for individual FA.
To our knowledge, no genetic parameter estimates have been reported before for the proportions of LC n-3 and n-6 PUFA. In spite of the reduced proportions of these FA and the associated relatively larger analytical errors, the h 2 values were similarly large or even greater than for the quantitatively more important FA and regularly exceeded 0.5. Heritabilities generally decreased when total FA content was included in the model (2), but remained moderately high. This indicates that the genetic variability for FA proportions is only partly dependent on the intramuscular fat content and the overall carcass fat content. As expected and in line with the discussion above, genetic correlations between the proportions of the PUFA and CLM were positive, with and without correction for the total FA content. Suzuki et al. (2006) similarly reported strongly negative r A values between the proportion of LA in various fat tissues and backfat thickness. Genetic correlations of FA proportions with ADG were much less and were mostly opposite in sign to the correlations with CLM in the present study, which is not surprising given the weak negative correlation between ADG and CLM.
We were particularly interested in the genetic variability for ratios of FA that reflect enzyme activities for desaturation and elongation of FA to more unsaturated and longer-chain metabolites, respectively. Although the value of these indices as an approximate for the expression of desaturase and elongase enzymes may be contested, they are frequently used (Pan et al., 1995; Okada et al., 2005; Zhang et al., 2007) . Estimates for h 2 of these indices were of similar magnitude as for the FA proportions (e.g., h 2 values for the ratios arachidonic acid/LA and DHA/αLNA) reflecting the overall conversion of the parent essential FA LA and αLNA to their long-chain metabolites, respectively, were 0.29 and 0.35, respectively, with total FA content in the model, and increased to 0.38 and 0.49, respectively, if total FA content was not in the model (1). Values for indices reflecting Δ 9 activity were also moderately large, ranging between approximately 0.3 and 0.4, without total FA content in the model (1).
Genetic correlations of the enzyme activity indices with ADG and CLM were not very consistent and are more difficult to interpret. The stearic acid to oleic acid Δ 9 -desaturase index was strongly negatively related to CLM. This is not surprising because the r A of the proportion of stearic acid with CLM was very small in the present study, whereas the r A between oleic acid and CLM was strongly negative. In line with this finding, Zhang et al. (2007) reported a positive residual correlation between the total lipid content in LM and the oleic acid proportion, whereas no correlation was observed for the stearic acid proportion. On the other hand, small positive r A values between the stearic acid proportion in the LM with backfat thickness and intramuscular fat content and a negligible correlation between the oleic acid proportion and backfat thickness was found by Suzuki et al. (2006) . Furthermore, Fernandez et al. (2003) found negligible r A values for stearic acid and oleic acid with intramuscular fat content in the LM of Iberian pigs, but it should be mentioned that in this study the genetic correlation of the LA proportion with the intramuscular content was also absent in contrast to what is generally found. The relationship between carcass or intramuscular fat level and Δ 9 -desaturase activity and the resultant proportions of stearic acid and oleic acid in muscle of pigs is not clear from the literature and from the present data. Possibly the large differences between studies in intramuscular fat content are interfering at this point.
For FA ratios reflecting the combined effect of desaturase and elongase activity, hence encompassing several steps in the n-3 or n-6 pathway, there was an overall tendency for a positive association with CLM and a negative association with ADG. This would mean that the conversion rate of the parent FA taken up from the diet, LA and αLNA, to the longer chain FA would be greater in leaner animals and less in faster growing animals. Most elongase activity indices and the Δ 5 -desaturase activity index were also positively genetically related to CLM, whereas the Δ 6 -desaturase activity index was negatively related to CLM. Concomitantly, there were positive genetic relationships between Δ 9 -desaturase and Δ 6 -desaturase activity indices, but this was not evident for the Δ 5 -desaturase activity indices. The genetic association between the Δ 6 -desaturase and Δ 5 -desaturase activity indices was also low. Interestingly, the last steps in the synthesis of DHA, involving an elongation of docosapentaenoic acid (C22:5n-3, DPA) followed by a Δ 6 -desaturation and a β-oxidation step, appeared to be independently related from the synthesis of the other major LC n-3 PUFA, EPA, as is evident from the absence of a correlation between the DHA:DPA ratio and the EPA:αLNA ratio. The specific regulation of DHA synthesis compared with other FA in the n-3 PUFA synthesis pathway is also mentioned in molecular studies (Bézard et al., 1994; Sprecher et al., 1995; Agaba et al., 2004; Burdge and Calder, 2005; Portolesi et al., 2007) . This could also explain why an increase in the dietary supply of αLNA is accompanied by a significant increase in the proportion of EPA and DPA in various species, but is mostly accompanied by no or a very modest increase in the proportion of DHA (Raes et al., 2004) .
The current study has revealed estimates of genetic parameters for FA metabolism. However, some limitations of the present study should be taken into account. First, the experiment is quite small for estimation of genetic parameters. Genetic parameter estimates from samples of 400 to 500 pigs usually produce large SE values, which was also the case in the present study. The SE values of h 2 estimates for the FA profile varied in most cases between 10 and 50% of the h 2 estimates. As expected, the SE values for the genetic correlations are even greater relative to the estimates. Therefore, these estimates are not very accurate. Second, the sample is based on progeny from 5 sires only, and pigs were from a 4-way cross with crossbred sires and dams. This is due to the fact that this study was linked to a QTL study requiring such an approach. This is not an ideal design for estimating genetic parameters. In addition, selection is normally performed in pure lines, hence one can question if the present results on crossbred animals are applicable to pureline selection. Based on the available literature for genetic parameter estimates for similar traits as in the present study, and in view of the concordance, we are confident that our results should be applicable to pureline selection, but this needs of course to be confirmed.
Although the present study has confirmed the potential for genetic selection toward altered FA composition, the practical implementation is probably not that straightforward. Selecting candidate animals for a favorable FA composition requires meat samples to be analyzed for FA composition, which is still costly at the present time. Cheaper, noninvasive but accurate enough prediction methods for FA composition are not available. On the other hand, the relatively large genetic correlations between CLM and FA proportions may allow indirect selection. Indeed, selection for lean and against fat animals increases the PUFA proportion and decreases the SFA proportion. However, selection for carcass leanness, which has been and still is one of the major objectives in many pig breeding programs, is also accompanied by a decrease in the intramuscular fat content. In turn this not only decreases the amount of beneficial FA in meat, but it is also at the detriment of meat flavor and eating quality. This study has shown that only part of the additive genetic variance for meat FA composition is dependent on carcass or muscle fat content, allowing theoretically a more specific selection for improved FA composition without compromising eating quality. This still requires meat samples to be analyzed for FA composition. As for other meat quality traits too, in the absence of reliable in vivo or on line measuring methods, selection for altered FA composition is more likely to be done in future with genomics rather than with measurement of these traits in selection candidates of their relatives.
It is concluded that there is meaningful genetic variation for LC PUFA metabolism in pigs that is only partly dependent on carcass and muscle fat content.
This may allow selection for improved FA composition of pork.
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